Tachycardia, reduced vagal capacity, and age-dependent ventricular dysfunction arising from diminished expression of the presynaptic choline transporter. Am J Physiol Heart Circ Physiol 299: H799-H810, 2010. First published July 2, 2010; doi:10.1152/ajpheart.00170.2010.-Healthy cardiovascular function relies on a balanced and responsive integration of noradrenergic and cholinergic innervation of the heart. High-affinity choline uptake by cholinergic terminals is pivotal for efficient ACh production and release. To date, the cardiovascular impact of diminished choline transporter (CHT) expression has not been directly examined, largely due to the transporter's inaccessibility in vivo. Here, we describe findings from cardiovascular experiments using transgenic mice that bear a CHT genetic deficiency. Whereas CHT knockout (CHT Ϫ/Ϫ ) mice exhibit early postnatal lethality, CHT heterozygous (CHT ϩ/Ϫ ) mice survive, grow, and reproduce normally and exhibit normal spontaneous behaviors. However, the CHT ϩ/Ϫ mouse heart displays significantly reduced levels of high-affinity choline uptake accompanied by significantly reduced levels of ACh. Telemeterized recordings of cardiovascular function in these mice revealed tachycardia and hypertension at rest. After treadmill exercise, CHT ϩ/Ϫ mice exhibited slower heart rate recovery, consistent with a diminished cholinergic reserve, a contention validated through direct vagal nerve stimulation. Echocardiographic and histological experiments revealed an age-dependent decrease in fractional shortening, increased left ventricular dimensions, and increased ventricular fibrosis, consistent with ventricular dysfunction. These cardiovascular phenotypes of CHT ϩ/Ϫ mice encourage an evaluation of humans bearing reduced CHT expression for their resiliency in maintaining proper heart function as well as risk for cardiovascular disease.
THE SYMPATHETIC AND PARASYMPATHETIC BRANCHES of the autonomic nervous system provide tight control of cardiovascular function, as evident in their contribution to heart rate (HR) and consequent cardiac output (CO) and blood pressure (BP) modulation (40) . An imbalance in these two systems leads to increased HR and BP (64) and, if sustained, may confer an increased risk for cardiovascular disorders, including arrhythmias, hypertension, cardiac hypertrophy, and heart failure (14, 23, 25, 31, 56, 66) . Indeed, chronic elevation of HR is an established risk factor for cardiac-related morbidity and mortality (25, 31, 53) . Clinical perturbations in the autonomic control of the heart can be assessed by measurements of HR variability as well as sensitivity of the baroreceptor reflex (BRS) to pharmacological and physiological challenges (37, 44, 54) . Reductions in parasympathetic components of these measures are significant risk factors for mortality associated with cardiovascular disease (5, 59, 60) . The effectiveness of ␤-adrenergic receptor blockers in improving overall morbidity and mortality for patients with hypertension and heart failure demonstrate the clinical significance of attenuating cardiac sympathetic tone (25, 39) .
Parasympathetic effects on the heart are mediated by the right and left vagus nerves, which predominantly innervate the sinoatrial and atrioventricular nodes, respectively, and thereby decrease the sinoatrial node discharge rate and atrioventricular node conduction velocity (67) . Vagal inhibition of cardiac nodal discharge is mediated by the neurotransmitter ACh, which signals through the M 2 muscarinic receptor (M 2 AChR) to hyperpolarize pacemaker cells, in opposition to the positive chronotropic effects of sympathetic noradrenergic innervation (40, 51) . Although modest reductions in cholinergic tone likely recruit adaptations elsewhere to sustain normal cardiovascular function, a capacity for sustained reductions in vagal drive are likely needed to diminish life-threatening alterations in heart function. Patients with myocardial infarction demonstrate reductions in HRV and BRS, consistent with a diminished capacity for regulatory adaptations in cholinergic transmission (38, 45, 64) . Disruptions in cholinergic transmission that lead to diminished cholinergic regulation of the heart can arise from many potential sources, including the structural integrity of parasympathetic innervation, to the expression of various molecular components that support ACh synthesis, release, and responses. One such component yet to be explored for its support of cardiovascular function is the presynaptic choline transporter (CHT; SLC5A7) (1) . As the K m of choline acetyltransferase for choline is thought to be above that of tissue choline levels, the uptake of choline, rather than its enzymatic conversion to ACh, is likely rate limiting for neurotransmitter production (21) . Consistent with this idea, pharmacological blockade of high-affinity choline uptake (HACU) by hemicholinium-3 (HC-3) impairs both the synthesis and release of ACh (21, 35, 47) . The toxicity of HC-3 in vivo and the absence of other pharmacological probes of the transporter, as well as CHT-directed imaging agents, has to date precluded a direct analysis of this protein's contributions to cardiovascular structure and function.
We (20) developed CHT knockout (CHT Ϫ/Ϫ ) mice and demonstrated that these animals die shortly after birth due to asphyxiation, presumably arising from a loss of cholinergic signaling to respiratory muscles. In contrast, CHT heterozygous (CHT ϩ/Ϫ ) mice survive and grow normally but display signs of a diminished cholinergic capacity, including reduced brain levels of ACh, altered brain ACh receptor densities, and impairments in sustained motor activity in the face of physiological or pharmacological challenges (7) . Here, we explore the biochemical, structural, and in vivo physiological impact of the genetically imposed reduction in CHT expression present in CHT ϩ/Ϫ mice. Our study established an important role for CHT in normal heart function, most evident in the recovery of HR to physiological or pharmacological perturbations. Additionally, we uncovered age-dependent phenotypes linking diminished CHT expression to impairments in cardiac structure and function. Despite its clear contribution to cholinergic neurotransmission, no studies exist that reveal the contribution of genetic or functional alterations in CHT for normal cardiovascular function.
MATERIALS AND METHODS
Drugs. (Ϯ)-Metoprolol (ϩ)-tartrate (M-5391) and methscopolamine bromide (S-8502) were obtained from Sigma Aldrich (St. Louis, MO) and dissolved in sterile saline (0.9% NaCl). Both drugs were injected intraperitoneally at a dose of 2 mg/kg in a 100-l volume. Isoflurane, USP (Terrell), was obtained from RxElite (Meridian, ID) and used as a general anesthetic mixed at 1-3% with 100% O 2.
Mice. All animal procedures were approved by the Vanderbilt University Institutional Animal Care and Use Committee (protocol no. M/04/075). Male mice [4 -6 mo old (young) and 11-12 mo old (aged)] were housed at up to 5 mice/cage on a 12:12-h light-dark cycle (lights on at 0600 hours). Telemetry and cardiovascular experiments were performed during the light part of the cycle. Food (Purina Rodent Chow no. 5001) and water were provided ad libitum. All mice were back crossed at least seven generations to the C57BL/6 background. In all cases, CHT ϩ/ϩ littermates were used as controls. All cardiovascular experiments were performed in the laboratory of D. Robertson of the Autonomic Dysfunction Center of Vanderbilt University.
Animal preparation and surgery. For long-term ambulatory ECG or BP monitoring in conscious mice, telemetry devices [model TA10ETA-F20 (ECG) or TA10-C20 (BP), DataSciences, St. Paul, MN] were implanted using sterile techniques. Mice were anesthetized with isoflurane (1%) in 100% O 2 at 1.5 l/min, and body temperature was maintained at 36 -37°C with an isothermal pad (Braintree Scientific, Braintree, MA). Following antiseptic preparation, a midline incision was made subcutaneously along the back. For ECG determination, an implantable, radiofrequency transmitter (TA10ETA-F20, 3.9 g) was inserted into the subcutaneous pocket with the leads directed caudally. Using a trochar, the cathodal lead was placed over the scapula and anchored in place with permanent suture. Another incision was made subcutaneously over the apex of the heart, through which, using the trochar, the anodal lead was tunneled underneath the left front paw and sutured in place over the heart apex. For BP determination, an implantable transmitter (TA10-C20, 3.2 g) was inserted into a subcutaneous pocket with the lead placed into the left carotid artery and advanced toward the bifurcation. Skin was sutured and secured with veterinary adhesive (Nexaband, Veterinary Products Laboratories, Phoenix, AZ). Mice were allowed to recover for 5 days before use in the experimental protocols.
ECG (HR) and BP experiments. After a 5-day postoperative recovery period, 24-h continuous ECG recordings of HR and BP recordings were performed in conscious, telemeterized mice (n ϭ 8 CHT ϩ/ϩ mice and 8 CHT ϩ/Ϫ mice) for a period of 5 days. Average HR and BP values were determined in individual CHT ϩ/ϩ and CHT ϩ/Ϫ mice during resting (light cycle) and awake (dark cycle) time periods. ECG and BP signals were recorded in 1-s intervals using flatbed radiofrequency receivers (DSI PhysioTel Receiver RPC-1, DataSciences) and a digital acquisition system (Dataquest A.R.T., DataSciences). Pharmacological experiments were performed in conscious, telemeterized mice (n ϭ 6 CHT ϩ/ϩ mice and 6 CHT ϩ/Ϫ mice) by giving metoprolol (2 mg/kg) and methscopolamine (2 mg/kg) by an intraperitoneal injection. "Tachycardia," for the purposes of this study, was defined as a statistically significantly elevation in resting HR above that seen under the equivalent condition in wild-type animals. Similarly, "hypertension" was defined as a statistically significantly elevation in resting BP above that seen under the equivalent condition in wild-type animals.
Echocardiography. Transthoracic echocardiography was performed in conscious mice using a Sonos 5500 (Agilent, Andover, MA) 15-MHz high-frequency linear transducer at a frame rate of 100 frames/s. All images were acquired at a depth setting of 20 mm. Optimal parasternal long-and short-axis views were obtained by visualization of the endocardial and epicardial walls. Two-dimensional guided M-mode echocardiographic images were obtained to determine left ventricular (LV) internal dimensions at systole (LVIDs) and diastole (LVIDd) as previously described (58, 63) . These parameters allowed the determination of LV fractional shortening (FS; in %) using the following equation: FS (in %) ϭ [(LVIDd Ϫ LVIDs)/LVIDd] ϫ 100%. Additional echocardiographic parameters (i.e., CO, LV mass, etc.) were calculated using M-mode data as previously described (16, 63) .
Treadmill testing. Mice (n ϭ 9 CHT ϩ/ϩ mice and 8 CHT ϩ/Ϫ mice) chronically telemeterized with BP transducers (as described above) were run on a two-lane motorized treadmill (Columbus Instruments, Columbus, OH) equipped with an adjustable-speed belt (0 -90 m/min) and an electric shock grid at one end. On day 1 (training 1), mice were exposed to the treadmill for 10 min without shock. Mice were then exposed to two timed runs (5-min duration) at 5 and 10 m/min with 10-min recovery periods between runs. On day 2 (training 2), mice were then exposed to the treadmill in the presence of shock (2 mA, 4 min-1 frequency) activated by physical contact with the grid. Mice were then run on the treadmill starting at 5 m/min and gradually increased 2 m/min every 2 min until exhaustion. Exhaustion was defined as resting on the electric grid Ͼ15 s/min or falling back onto the grid Ͼ15 times/min (7). On day 3 (fixed speed/time), mice were run on the treadmill for 13 m/min for 5 min. HR and BP were collected in the home cage 30 min before the exercise challenge and during the 60-min recovery period after the 5-min treadmill run.
BRS experiments. To determine the baroreceptor-mediated cardioinhibitory response, mice (n ϭ 8 CHT ϩ/ϩ mice and 8 CHT ϩ/Ϫ mice) underwent a challenge with phenylephrine (PE; 5-30 g/kg) given intravenously using a syringe pump (CMA 400 pump, CMA Microdialysis, Stockholm, Sweden) in a dose-response manner in anesthetized mice. Baseline ECG and BP were recorded for 1.0 min before the administration of drug, and the postdrug response was recorded for 3.0 min after administration. The ratio of the maximal change in HR over the change of mean arterial BP (MABP) was calculated and averaged at each dose in each animal. BRS was determined by the averaged ratio of HR change over MAPB change (⌬HR/⌬MABP) (42) . Vagal nerve stimulation. Mice (n ϭ 8 CHT ϩ/ϩ mice and 7 CHT ϩ/Ϫ mice) were anesthetized as described above, a cervical midline incision was performed, and the right vagus nerve was isolated from surrounding tissues. The right vagus nerve was ligated using vicryl suture, and the distal segment was then placed on a pair of platinum hook electrodes [PT101 (25 mm), World Precision Instruments, Sarasota, FL] and covered with silicone gel for insulation and immobilization (65) . To determine cardiac sensitivity to vagal nerve stimulation (VNS), two protocols were used. In protocol 1 (frequency response), the vagus nerve was stimulated with rectangular wave pulses of 1-ms duration in randomized frequencies of 1-50 Hz at 20-s duration. Baseline HR was recorded for 1 min before the stimulus and 5 min after the stimulus. Mice were given 10-min recovery periods between stimulations. In protocol 2 (saturation), the vagus nerve was stimulated at 40 Hz for 5 min continuously to determine the duration of bradycardia with constant vagal stimulation.
Assessment of ACh and norepinephrine, precursors, and metabolites. ACh levels in heart tissue were quantified by HPLC using electrochemical detection (n ϭ 11 CHT ϩ/ϩ mice and 10 CHT ϩ/Ϫ mice, Vanderbilt Neurochemistry Core Resource) as previously described (7, 17) . Briefly, animals were decapitated and microwaved for 5 s to inactivate acetylcholinesterase degradation of ACh (8) . Hearts were then quickly removed and placed onto dry ice. Heart samples were then homogenized in acetonitrile, and lipids were removed using heptane and vacuum drying. Catecholamines were measured in urine using spot collection from conscious adult male mice. Resting mice were immediately removed from their home cages, and urine was collected in microtubes. Urine was preserved in 6 N HCl to prevent catecholamine breakdown and frozen at Ϫ80°C until analysis. Plasma catecholamine levels were measured from isoflurane-anesthetized mice. Blood was removed via cardiac puncture and preserved with EGTA and reduced glutathione. Catecholamines were measured after alumina extraction by HPLC with electrochemical detection (34) .
Immunoblot analysis of CHT and M 2AChR expression. Freshly dissected heart atrial tissue (n ϭ 4 mice/genotype) was first homogenized in 0.32 M sucrose ϩ HEPES buffer and then vortexed at 3,650 g at 4°C for 20 min. The pellet was solubilized in 200 l for 24 h at 4°C in lysis buffer [1.0% Triton, 0.1% SDS, 50 mM Tris (pH 7.4), 100 mM NaCl, and protease inhibitors]. Insoluble material was removed by centrifugation at 15,000 g. The protein concentration was measured and normalized using the Bradford method, and samples were loaded into SDS-PAGE 1ϫ Laemmali buffer [1% SDS, 31.25 mM Tris (pH 6.8), 5% glycerol, and 200 mM 2-mercaptoethanol]. Samples were then removed and centrifuged at 13,000 rpm at 4°C for 20 min to remove cellular debris. Samples were then normalized for protein concentration using the Bradford method, resolved by standard SDS-PAGE, and transferred electrophoretically to polyvinylidene diflouride (PVDF) membranes (Amersham Biosciences, Arlington Heights, IL) following standard procedures (22) and subjected to immunoblot analysis using mouse monoclonal CHT and mouse polyclonal M2AChR antibodies (41) . Analysis of CHT, GAPDH, and M2AChR proteins from a single PVDF membrane was performed after blots were stripped between incubations with 2% SDS, 62.5 mM Tris·HCl (pH 8), and 100 mM 2-mercaptoethanol at 55°C for 20 min. After being washing with PBS-Tween 20, blots were then blocked in 5% milk with PBS-Tween 20 before analysis with the next antibody.
HACU assays. Crude atrial tissue extracts from hearts of adult male mice were prepared as previously described (22, 43) . Assays of choline transport activity in heart atrial tissue were performed in triplicate for 5 min at 37°C in Krebs-Ringer-HEPES buffer (130 mM NaCl, 3 mM KCl, 2.2 mM CaCl2, 1.2 mM MgSO4, 1.2 mM KH2PO4, 10 mM glucose, and 10 mM HEPES; pH 7.4) with a final choline concentration of 100 nM (specific activity: 82 Ci/mmol, Amersham Pharmacia; 1 Ci ϭ 37 GBq). HC-3 at 10 M was used to define CHT-mediated choline uptake. Uptake assays were terminated by aspiration and washing onto polyethyleneimine-coated glass fiber filters with a Brandel (Gaithersburg, MD) cell harvester. The low yield of tissue from the heart precluded the analysis of saturation kinetics in these samples.
Histology. Mice (n ϭ 6 CHT ϩ/ϩ mice and 6 CHT ϩ/Ϫ mice) were weighed, and hearts dissected at 2 and 12 mo of age. Dissected mouse hearts were rinsed and weighed in PBS. Hearts were cut in cross section just below the papillary muscle, and the top half was fixed in formalin and embedded in paraffin. Sections (5 m) were prepared at 200-m intervals and fixed with hematoxylin and eosin for gross examination, Masson's trichrome (MT) for the quantification of fibrosis, and periodic acid-Schiff (PAS) counterstained with hematoxylin to determine cardiomyocyte size (4). Histological images were taken using an inverted wide-field microscope at ϫ40 (MT images) or ϫ20 (PAS images) (Leica DM-IRB, Bannockburn, IL) and captured with a Nikon DXM 1200C camera (Nikon Instruments, Melville, NY). Morphometric analysis and quantification were performed using Metamorph imaging software (Molecular Devices, Sunnyvale, CA) and ImageJ for MT and PAS images, respectively. Values from each heart were calculated using measurements from three representative areas from each heart. Results are expressed as means Ϯ SE from each group.
Statistical analyses. Data are expressed as means Ϯ SE. Statistical comparisons were with a one-tailed unpaired Student's t-test with 95% confidence limits comparing transgenic values with controls or two-way ANOVA followed by the Bonferroni procedure for multiplegroup comparisons, as indicated in the figures. Results were considered statistically significant if P Ͻ 0.05.
RESULTS

HACU and ACh levels are significantly diminished in the CHT
ϩ/Ϫ heart. Our previous studies demonstrated that CHT ϩ/Ϫ mice exhibited an ϳ50% loss of CHT protein (22) and significant reductions in brain ACh levels (7) . As shown in Fig. 1A , isolated atria from CHT ϩ/Ϫ mice displayed reduced HC-3-sensitive [ 3 H]choline transport rates compared with CHT ϩ/ϩ atria. These reductions in HACU were supported by a reduction in atrial CHT protein expression in CHT ϩ/Ϫ mice compared with CHT ϩ/ϩ mice (P Ͻ 0.05; Fig. 1 , B and C). Quantitation of postsynaptic M 2 AChRs in the same samples did not reveal significant differences in receptor expression between genotypes (Fig. 1D) . Moreover, in keeping with a critical role of CHT in maintaining synaptic ACh levels, CHT ϩ/Ϫ mice displayed an ϳ50% loss of whole heart ACh levels (P Ͻ 0.05; Fig. 2A ). We also found heart choline levels to be significantly diminished (P Ͻ 0.05; Fig. 2B ).
CHT ϩ/Ϫ mice exhibit resting tachycardia. The deficits in HACU and ACh noted above in the hearts of CHT ϩ/Ϫ mice could prove insignificant in the context of functional compensation, as, for example, with structural or physiological adjustments in the sympathetic branch of autonomic innervation. To explore this issue, we monitored HR and BP by telemetry in unanesthetized animals during rest (day) and active (night) periods. We observed that CHT ϩ/Ϫ mice exhibited significantly higher mean resting HRs than CHT ϩ/ϩ mice (P ϭ 0.017; Table 1 ). In contrast, there were no significant differences between genotypes in HR during active periods. However, during the active period, when HR was monitored after an injection of metoprolol (2 mg/kg ip) to eliminate adrenergic drive, CHT ϩ/Ϫ mice displayed a significantly reduced ability to lower their HR (P Ͻ 0.022; Table 1 ). To examine whether CHT ϩ/Ϫ mice possess elevated intrinsic HRs, we injected mice with both methscopolamine (2 mg/kg ip) and metoprolol (2 mg/kg ip) to achieve full autonomic blockade. HRs under these conditions did not differ between genotypes (data not shown). Finally, we found that CHT ϩ/Ϫ mice exhibited a small but significantly higher mean resting BP (P Ͻ 0.05; Table 1 ). The increase in mean resting BP was driven by a significant increase in systolic BP since diastolic BP did not differ between the two genotypes ( Table 1) . As with HR, activitydependent BP did not differ between genotypes.
Evidence of elevated sympathetic tone in CHT ϩ/Ϫ mice. Reduced parasympathetic tone has been shown to contribute to autonomic instability, leading to increased sympathetic tone (53) . To gain a measure of such alterations in CHT ϩ/Ϫ mice, we collected urine from conscious mice during their resting period and measured catecholamine levels by HPLC. We observed that CHT ϩ/Ϫ mice displayed elevated urinary levels of both norepinephrine (P ϭ 0.05) and epinephrine (P ϭ 0.05). We also measured plasma catecholamines in a separate cohort of CHT ϩ/Ϫ and wild-type mice. Although a small increase in the plasma levels of norepinephrine was observed in CHT ϩ/Ϫ mice, the difference did not reach statistical significance (Table  1) . However, CHT ϩ/Ϫ mice did show significantly higher levels of the norepinephrine metabolite 3,4-dihydroxyphenylethylene glycol (DHPG) compared with wild-type mice (P Ͻ 0.05; Table 1) .
CHT ϩ/Ϫ mice exhibit diminished postexercise HR recovery. Our findings of resting tachycardia and hypertension accompanied by deficits in cardiac HACU and ACh in CHT ϩ/Ϫ mice suggests a limited capacity of vagal efferents to offset sympathetic drive to the heart. We examined this hypothesis by monitoring HR before, during, and after treadmill exercise. As expected, baseline HR in CHT ϩ/Ϫ mice assessed before treadmill activity was significantly higher compared with CHT ϩ/ϩ mice (P Ͻ 0.001; Fig. 3) . After a 5-min treadmill exercise period, CHT ϩ/Ϫ mice produced a similar onset and maximal HR level as wild-type mice (Fig. 3A) . Whereas, with cessation of exercise, both CHT ϩ/ϩ and CHT ϩ/Ϫ mice achieved a resting HR equivalent to their preexercise levels, CHT ϩ/Ϫ mice required a significantly longer time to achieve full HR recovery (CHT ϩ/ϩ mice: 24 Ϯ 3.4 min and CHT ϩ/Ϫ mice: 33 Ϯ 2.4 min, P Ͻ 0.05). When changes in HR from peak values were calculated during the recovery period (Fig. 3B) , CHT ϩ/Ϫ mice also displayed significant overall deficits in HR recovery (P Ͻ 0.05, n ϭ 8 mice/genotype; Fig. 3B ). In these analyses, three periods of differential HR adjustment were evident. Although CHT ϩ/Ϫ animals generated consistently smaller reductions in HR during the first ϳ10 min of recovery, these differences were not statistically significant. In contrast, over the next 10 min, the change in HR from peak values was significantly blunted for CHT ϩ/Ϫ animals. Finally, over the final 40 min of recording, genotype differences in HR recovery were lost.
CHT ϩ/Ϫ mice display impaired baroreceptor sensitivity. The increase in resting HR and the inability to return from an activity-dependent HR after exercise suggested a decrease in vagal regulation of chronotropic control of the heart. To further elucidate the vagal contribution to the HR response in CHT ϩ/Ϫ mice, we measured baroreceptor-mediated changes in the HR response after an intravenous administration of PE in anesthetized CHT ϩ/ϩ and CHT ϩ/Ϫ mice. CHT ϩ/ϩ and CHT ϩ/Ϫ mice exhibited similar baseline MABP, whereas CHT ϩ/Ϫ mice displayed higher baseline HR compared with CHT ϩ/ϩ mice. Both genotypes exhibited similar increases in BP to PE challenge, but CHT ϩ/Ϫ mice demonstrated significantly reduced HR changes to PE-induced BP changes (Fig. 4A) . The ratio of the HR change to BP change during exposure to pressor agents has been used as an index of BRS (42) . CHT ϩ/Ϫ mice also demonstrated a significant reduction in the ratio of the mean change in HR to the maximal mean BP change in response to 20 g/kg PE challenge (P ϭ 0.03; Fig. 4B ). These results indicate that CHT ϩ/Ϫ mice exhibited an impaired vagal regulation of the HR response to acute changes in BP and reduced BRS. CHT ϩ/Ϫ mice show altered responses to acute and chronic VNS. To directly determine the impact of CHT heterzygosity on the vagal regulation of HR, the effect of stimulation of right vagal efferents on HR was determined using two separate VNS protocols. In protocol 1, we examined the frequency-dependent, acute change in the RR interval in anesthetized mice. Similar to HR recordings in conscious mice, anesthetized CHT ϩ/Ϫ mice exhibited significantly elevated baseline HRs. During protocol 1, acute stimulation of the right vagus nerve significantly increased the RR interval in a frequency-dependent manner in CHT ϩ/Ϫ mice compared with CHT ϩ/ϩ mice (P ϭ 0.004; Fig. 5A ), consistent with an intact capacity for acute cholinergic transmission and possibly a hypersensitivity of postsynaptic M 2 AChRs. Given the importance of CHT in sustaining cholinergic tone, as well as deficits observed in total atrial ACh, we hypothesized that CHT ϩ/Ϫ mice should be unable to maintain the bradycardic response to chronic, continuous VNS. Indeed, during chronic VNS (5 min) at 40 Hz, CHT ϩ/Ϫ mice exhibited a more pronounced acute decrease in HR, similar to that seen in protocol 1; however, the average rate of return of HR in response to chronic VNS (measured as the time to 50% HR recovery; P ϭ 0.002, Fig. 5B ) was significantly faster in CHT ϩ/Ϫ mice compared with CHT ϩ/ϩ mice. CHT ϩ/Ϫ mice also exhibited a greater percent loss of the bradycardic response compared with CHT ϩ/ϩ mice (P ϭ 0.02; Fig. 5C ) indicating an inability of CHT ϩ/Ϫ mice to sustain prolonged vagal stimulation of HR.
CHT ϩ/Ϫ mice exhibit functional and structural signs of cardiac hypertrophy. To examine the impact of chronically elevated HR on cardiac structure and function, histological and echocardiographic experiments were performed in both young and aged mice. Whereas the body weights of CHT ϩ/Ϫ and CHT ϩ/ϩ mice did not differ, CHT ϩ/Ϫ mice exhibited significantly increased heart-to-body weight ratios (P Ͻ 0.05; Fig. 6A ). To explore this observation further, we used two-dimensional guided, M-mode echocardiography to assess the structural dynamics supporting cardiac function in both young (4 -6 mo old) and aged (10 -12 mo old) CHT ϩ/Ϫ mice and their littermate wild-type controls. Both young and aged CHT ϩ/Ϫ mice ( Table 2) showed significantly diminished cardiac contractility, as shown by a reduction in LV function [FS (in %), P Ͻ 0.05; Fig. 6B ]. Although there were no significant differences in CO in between genotypes in young mice, aged CHT ϩ/Ϫ mice exhibited significant reductions in CO compared with CHT ϩ/ϩ mice ( Table 2 ). Changes in CO may reflect differences in HR; however, both genotypes displayed similar HRs within their respective age group. Indeed, HRs monitored during this procedure were not different between genotypes and were elevated compared with HRs monitored by telemetry, likely due to handling stress. LV mass was increased in both young and old CHT ϩ/Ϫ mice relative to age-matched CHT ϩ/ϩ mice, although only in aged CHT ϩ/Ϫ mice did increased LV mass reach statistical significance (P Ͻ 0.05; Table 2 ). A comparison of changes in FS between young and aged CHT ϩ/Ϫ mice showed aged-dependent deficits in cardiac function (P Ͻ 0.05; Fig. 6C and Table 2 ). Our findings thus provide evidence of resting and dynamic changes in heart structure associated with CHT heterozygosity.
Cardiomyocyte hypertrophy and interstitial fibrosis are evident in association with elevated sympathetic tone (18, 26, 69) . Quantitative analysis of MT-stained sections revealed increased interstitial fibrosis in aged but not young CHT ϩ/Ϫ mice compared with CHT ϩ/ϩ littermates (P Ͻ 0.01; Fig. 7, C and D ). An examination of cardiomyocyte area using PAS staining with hematoxylin counterstaining also revealed a significant age-dependent increase in interstitial fibrosis (P ϭ 0.04) and mean cardiomyocyte area (P ϭ 0.002; Fig. 7, E and F) . Together, these results indicate that the diminished cholinergic drive to the hearts of CHT ϩ/Ϫ mice is sufficient to produce, over time, overt cellular changes, which can derive from or support cardiac hypertrophy and its functional consequences.
DISCUSSION
In this study, we demonstrated that a partial genetic loss of CHT function results in attenuated vagal regulation of cardiac structure and function. The physiological importance of CHT in maintaining cholinergic tone in other systems has been demonstrated by studies where selective pharmacological blockade or genetic ablation of CHT reduced ACh synthesis and release, thus impairing cholinergic transmission (6, 20, 46) . Loss of cholinergic transmission at the neuromuscular junction due to genetic ablation of CHT leads to respiratory paralysis and hypoxic death in CHT Ϫ/Ϫ mice (20) . Loss of cholinergic tone has been demonstrated to increase the risk of cardiovascular disease (5, 9, 52), and a study (24) conducted in M 2 AChR knockout mice showed a loss of vagally mediated bradycardia. Although M 2 AChR knockout mice displayed similar resting HRs compared with wild-type mice, chronic stimulation with isoproterenol resulted in significantly impaired ventricular function, indicating that chronically elevated sympathetic tone in the absence of a parasympathetic counterbalance results in altered cardiac function (38) . These studies, however, focused primarily on the postsynaptic cholinergic receptors mediating the effects of vagal tone in the heart. We hypothesized that, with the role of CHT in maintaining presynaptic ACh levels, a genetically imposed reduction in CHT function could also impact heart function. Thus, a genetic loss of CHT function may serve as a risk allele in promoting worsening of cardiovascular function.
Activation of parasympathetic inputs via vagal efferent projections to the heart results in bradycardia and contributes to resting HR (25, 40) . Our telemetric experiments demonstrated that CHT ϩ/Ϫ mice exhibited a basal resting tachycardia and increased BP compared with CHT ϩ/ϩ mice, whereas activitydependent increases in HR and BP were not different between genotypes (Table 1 ). The overall increase in resting mean BP was driven primarily by the increase in systolic rather than diastolic BP, possibly reflecting the increased chronotropic effects seen in CHT ϩ/Ϫ mice. Although the differences in resting HR and BP were statistically significant, the actual differences between both genotypes were not large. These results could be explained by the limited localization of cholinergic neurons within the intrinsic cardiac ganglia in mice (28) and thus reflect the predominance of sympathetic tone in driving HR in mice (24) . Although we observed that CHT ϩ/Ϫ mice exhibited similar M 2 AChR expression, additional studies are needed to assess M 2 AChR/G protein coupling, which has been reported to be altered in sinoaortic-denervated rats (62) .
A previous study (20) has shown that CHT ϩ/Ϫ mice exhibit similar levels of CHT-mediated HACU within the central nervous system (CNS), even though they express 50% of wild-type levels of CHT protein. The latter findings suggest a degree of functional compensation not evident with our heart Values are means Ϯ SE; n ϭ 8 mice/genotype. Significance was determined using a one-tailed, unpaired Student's t-test (*P ϭ 0.03).
study. Indeed, we showed that CHT ϩ/Ϫ mice exhibited a significant reduction in total atrial CHT protein and that CHT ϩ/Ϫ mice demonstrated a significant reduction in CHTmediated choline uptake (Fig. 1, B and C) . The reduction in cardiac CHT-mediated HACU may also reflect differences in the mobilization or reduction of various vesicular pools of CHT between the CNS and the heart (22, 57). Additionally, differences in CHT-mediated HACU may reflect the availability of the ACh precursor choline. In cardiac tissue, CHT ϩ/Ϫ mice displayed reduced choline levels (Fig. 2B) , whereas within the CNS, CHT ϩ/Ϫ mice demonstrated increases in tissue choline levels. These differences may reflect the presence of additional choline uptake mechanisms within the CNS neurons or glia that are absent in cardiac muscles or its innervation (7) .
Since changes in HR recovery and BRS have been shown to be an independent predictor of mortality (15, 36) , we asked 1) if deficits in cholinergic tone in CHT ϩ/Ϫ mice would be more pronounced during increased phasic demands on vagal tone during HR recovery after exercise or challenge to PE and 2) whether structural changes in the heart could be detected. In our treadmill exercise model, CHT ϩ/Ϫ mice exhibited a biphasic HR recovery (Fig. 3) . The HR recovery plateau seen in CHT ϩ/Ϫ mice may reflect a lack of sustainable ACh due to an inability to mobilize sufficient intracellular CHT pools to drive HR back to resting levels, although feedback modulation of sympathetic tone cannot be discounted. Although our data demonstrating reduced cardiac ACh levels in the presence of similar postsynaptic M 2 AChR expression point to a presynaptic mechanism responsible for mediating these different HR recovery effects, our lack of pharmacological antagonists during the HR recovery period present a limitation in interpreting which specific branch of the autonomic nervous system is responsible for the temporal changes in HR. Indeed, significant controversy exists as to the temporal contributions of the sympathetic and parasympathetic regulation of HR recovery (15) . Although the majority of the data in human and canine models supports parasympathetic activation as dictating the early phase of HR recovery after exercise (33, 55, 61) , these data are lacking in rodent models. One study (13) conducted in rats demonstrated that parasympathetic contributions to HR recovery in hypertensive rats occurred within 20 min after exercise, a finding similar to our observations in CHT ϩ/Ϫ mice. Consistent with reduced vagal tone, CHT ϩ/Ϫ mice exhibited blunted BRS, as reflected by an inability to elicit HR reductions in response to increases in BP induced by PE (Fig. 4) . Reductions in BRS have been found to correlate with the reduction of parasympathetic activity and increase in sympathetic activity that occurs during the development and progression of heart failure (36) and to serve as an independent predictor of mortality in patients with heart failure and myocardial infarction (36, 45) . Whereas the blunting of the baroreceptor reflex in CHT ϩ/Ϫ mice may reflect deficits in the availability of presynaptic ACh, alterations in both postsynaptic muscarinic ACh receptors and central regulatory mechanisms may be involved (45) . Failure of ACh to produce acute variability of HR in response to pressure changes may involve nitric oxide, which has been shown to facilitate ACh release (68) , and postsynaptic muscarinic ACh regulated-regulated G protein-activated inwardly rectifying K ϩ (GIRK4) channels (ACh-sensitive K ϩ current), as GIRK4 knockout mice display reduced BRS reflexes (70) . Additionally, altered sensitivity of mechanostretch receptors located in the aortic arch and common carotid artery may disrupt afferent signals into the cardioinhibitory centers of the medulla (45) .
Our findings of similar HR recovery in both CHT ϩ/ϩ and CHT ϩ/Ϫ mice during the immediate postexercise recovery ϩ/ϩ mice and 9 CHT ϩ/Ϫ mice. Significance was determined using a one-tailed, unpaired Student's t-test (*P Ͻ 0.05 compared with the CHT ϩ/ϩ group). B: fractional shortening (in %) calculated by images at both maximal systole and diastole. C: measure of left ventricular mass (in g) in young (2-3 mo old) and aged (10 -12 mo old) CHT ϩ/ϩ and CHT ϩ/Ϫ mice. Values are means Ϯ SE; n ϭ 8 mice/group (young CHT ϩ/ϩ , young CHT ϩ/Ϫ , aged CHT ϩ/ϩ , and CHT ϩ/Ϫ groups) Significance was determined using a one-tailed, unpaired Student's t-test (genotype ϫ same age group) (*P Ͻ 0.04, **P Ͻ 0.02, and ϩP Ͻ 0.05, young vs. aged CHT ϩ/Ϫ mice).
period indicated that despite having significant reductions in CHT expression and tissue ACh levels, CHT ϩ/Ϫ mice may exhibit similar bradycardic responses during acute increases in vagal demand. To explore this, we used a standard frequencyresponse protocol. During acute VNS, CHT ϩ/Ϫ mice exhibited a significant increase in RR interval (reduced HR) compared with CHT ϩ/ϩ mice, indicative of hypersensitivity of postsynaptic M 2 AChRs (Fig. 5A ). Our Western blot images of M 2 AChRs (Fig. 1D) did not show significant differences between genotypes; however, the enhanced bradycardic response seen in our CHT ϩ/Ϫ mice may reflect increased coupling of the receptor to its respective G protein. Indeed, changes in M 2 AChR expression and/or coupling have been seen in animal models and patients with heart failure (10, 38, 62) . Previous pharmacological (22) and physiological (7) studies in CHT ϩ/Ϫ mice have revealed deficits in their ability to maintain sufficient ACh levels during chronic increases in cholinergic demand. As demonstrated during chronic VNS, although CHT ϩ/Ϫ mice exhibited an acute bradycardic response, this effect was unsustainable, as CHT ϩ/Ϫ mice showed a significant loss of bradycardia and faster return to baseline compared with CHT ϩ/ϩ mice (Fig. 5, B and C) . The difference in bradycardic responses to acute and chronic VNS may correspond to changes seen during the initial phases of HR recovery in our treadmill exercises, where CHT ϩ/Ϫ mice showed normal, acute changes in HR recovery but were unable to sustain this effect, as evidenced by a HR recovery plateau.
Long-term elevations in HR and BP have been shown in both humans and animal models to produce heart failure (10, 12) . Overexpression of the ␤ 1 -adrenergic receptor resulted in significant reductions in FS (a measure of cardiac function) and increased myocyte area due to chronically elevated sympathetic tone (18) . To determine the impact of genetic loss of CHT on cardiac structure and function, we performed echocardiography and histopathological experiments. CHT ϩ/Ϫ mice exhibited reduced FS, which could be identified in young mice and was further reduced in aged mice (Fig. 6) . Histopathological examination of myocyte area and fibrosis produced similar findings in that aged CHT ϩ/Ϫ mice exhibited significantly increased myocyte area and fibrotic areas (Fig. 7) compared with age-matched controls and that CHT ϩ/Ϫ mice displayed age-dependent structural changes in cardiac myocytes. This reduction in cardiac function also resulted in an age-dependent increase in LV mass (Fig. 6) . Finally, CHT ϩ/Ϫ mice exhibited increased heart weight-to-body weight ratios, suggestive of cardiac hypertrophy. The age-dependent structural changes seen in CHT ϩ/Ϫ mice may reflect loss of cholinergic inhibition of matrix metalloproteinase mediated by M 2 AChRs (38). Elevated NE levels may promote cardiac maladaptive hypertrophy secondary to increased ROS produced by monoamine oxidase-A (MAO-A) activity (32) . In fact, the elevated levels of DHPG observed in CHT ϩ/Ϫ mice may reflect an increase in MAO-A activity, induced by elevated NE, resulting in enhanced ROS generation contributing to the hypertrophic remodeling (32, 68) . Interestingly, VNS has been shown to modulate the myocardial redox state and suppress adrenergic drive, leading to reduced free radical production in mouse models of heart failure (3, 65) . The possibility of elevated myocardial MAO-A and production of ROS contributing to the myocardial alterations seen in our CHT ϩ/Ϫ mice warrant further studies, especially in light of our VNS experiments.
Our study focused on the impact of a genetic loss of function in the presynaptic CHT on parasympathetically mediated regulation of cardiovascular function and demonstrated the importance of presynaptic mechanisms regulating ACh biosynthesis and its contributions to maintaining cholinergic tone in the heart. Whereas CHT hemizygosity did not produce overt heart failure in our CHT ϩ/Ϫ mice, these mice clearly exhibited significant impairments in vagally mediated cardiac regulation such as BRS and HR recovery after exercise, findings similar to risk factors associated with increased mortality and morbidity and similar to findings found in humans with myocardial infaction and hypertension (5, 15, 60, 61) . Since loss of vagal-derived parasympathetic tone is associated with heart failure and myocardial infarction, further studies in CHT ϩ/Ϫ mice with hypotension or surgically induced myocardial infarction are needed to determine the impact of CHT hemizygosity in mediating the loss of these vagally regulated protective reflexes (67) .
Rodent and human CHT genes were among the last of the presynpatic transporters connected to neuromuscular signaling to be cloned (1, 2, 49) . Thus, to date, only a few studies have addressed the physiological contribution of CHT genetic variation. The major allele of a polymorphic site within the 3=-flanking sequence of the human CHT gene (rs333229) has been reported to be associated with reduced HR variability (48) , although neither the molecular impact of this variant nor its association with functional variation elsewhere in the gene are understood. Importantly, Okuda and coworkers (50) identified a common single-nucleotide polymorphism within human CHT (rs1013940) that produces an isolucine to valine substitution at amino acid position 89 (I89V). The I89V CHT protein supports normal total and surface CHT expression in transfected cells but results in a 40 -56% reduction in choline transport V max (50) . Okuda and collegues (50) estimated the frequency of the I89V variant in Ashkenazi Jewish samples at 6%, findings we have corroborated in a separate study of Caucasian subjects. In two recent studies, we found the frequency of the 89Val variant to be doubled in subjects with either major depressive disorder (27) or attention-deficit hyperactivity disorder (19) , consistent with a role of cholinergic signaling in CNS circuits supporting mood and cognitive function. Interestingly, depression and attention-deficit hyperactivity disorder are comorbid with alterations in cardiovascular function (11, 29, 30) , suggesting that subjects with reduced function CHT gene variants may exhibit both brain and cardiovascular phenotypes.
In summary, our study provides evidence for a functional impact of genetically imposed deficits in CHT expression on autonomic regulation of cardiovascular function. Our experiments with CHT ϩ/Ϫ mice warrant further efforts to define the role of human CHT in modifying cardiovascular health outcomes. Efforts to enhance CHT expression or activity may provide protective influences over disorders supported by enhanced sympathetic tone. Moreover, indirect targeting of CHT by medications could represent an unsuspected determinant of cardiovascular dysfunction and should be considered in future medication development. mice displayed significantly increased cardiomyocyte area versus aged CHT ϩ/ϩ mice. *P ϭ 0.01 and ϩϩP ϭ 0.002, young vs. aged CHT ϩ/Ϫ mice. Arrows reflect areas of cardiac interstitial fibrosis. Values are means Ϯ SE; n ϭ 5 mice/genotype. Significance was determined using a one-tailed, unpaired Student's t-test (genotype ϫ same age group).
